Recent trials have shown remarkable efficacy from combined trastuzumab and chemotherapy in the adjuvant setting of breast cancer. In spite of these successes, refractory breast cancer has emerged as a clinically problematic outcome for a subset of patients managed this way. In an effort to clarify and optimize the treatment regimens for breast cancer patients who are candidates to receive trastuzumab, we sought to analyze whether a distinctive genetic signature could be characterized that would reliably predict the treatment outcome. The ability to predict who will respond and who will become refractory to this agent will allow for improved, rational clinical management of these patients and further stratify the personalized nature of this treatment regimen. In this study, 41 consecutive cases of breast carcinoma with well-documented amplification of the human epidermal growth factor receptor-2 gene and corresponding banked fresh-frozen tissue were identified and divided into two separate groups based on whether they received trastuzumab or not. The first group consisted of 12 patients who had received trastuzumab in the adjuvant setting, of which three later experienced tumor recurrence. The second group consisted of 10 patients not treated with trastuzumab, of which 6 were later found to have recurrence. Differentially expressed genetic profiles were determined using human genomewide Illumina Bead Microarrays. The differentially expressed genes for non-recurrence vs recurrence in the trastuzumab-treated group were distinct from those in the same comparison group in the untreated group. Differential expression of key genes indentified in this study might offer an insight into a possible mechanism of trastuzumab resistance in breast carcinoma, and may emerge as potential predictive biomarkers indicative of trastuzumab resistance.
Human epidermal growth factor receptor-2 (HER2) belongs to the type I family of tyrosine kinase receptors involved in the signal transduction pathways that regulates epithelial cell growth, differentiation, apoptosis and metastasis. With the exception of HER2, which has no ligand, the HER proteins exist at the plasma membrane in an inactivated form that activates on ligand binding. 1, 2 Overexpression of HER2 occurs in approximately 18-20% of invasive breast cancers. 3, 4 HER2 overexpression deregulates downstream signaling networks, which in turn affect tumor cell growth and survival and have been previously documented to predict for a poor clinical outcome. 5 A 'crosstalk' between signaling networks that regulate growth and survival is known to exist in epithelial tumors. In breast cancers, this crosstalk has been shown to exist between the HER2 pathway and estrogen receptor a and a key regulator of cell growth and survival, insulin-like growth factor receptor 1, the latter of which is also upregulated in breast cancers. [6] [7] [8] Trastuzumab, a monoclonal antibody that targets HER2, has significantly improved disease-free and overall survival when combined with chemotherapy for patients with breast cancers treated in both the adjuvant and metastatic settings. 2, [9] [10] [11] Pre-clinical studies indicate synergistic antitumor activity when trastuzumab is combined with a number of anticancer drugs. As well, additive cytotoxic interactions between trastuzumab and other agents, including paclitaxel, have been shown. 12 However, a subset of patients who initially received trastuzumab in the adjuvant setting eventually develop recurrent, resistant tumor within 1 year of treatment. 13 The emergence of refractory tumors has become a significant clinical problem, with numerous preclinical studies already having investigated such possible etiologies for this resistance as HER2 downstream signaling, crosstalk pathways and HER2 gene mutations. 14 The clinical, financial and emotional implications of a trastuzumab treatment regimen cannot be overlooked. An entire year must be committed to intravenous therapy for those patients that will receive this agent. Notable side effects include a significant risk for cardiotoxicity especially following adjuvant anthracyclines. 15, 16 Although initially thought to be reversible, the idea of the transient nature of this therapy-related cardiac dysfunction has been recently called into question. 15 Finally, for the estimated 15 000 patients predicted to be eligible to receive trastuzumab, the collective financial burden has been calculated to be as high as $750 million per year. 17 Therefore, the ability to predict trastuzumab resistance will have a tremendous effect in all aspects of the health care for breast cancer patients. The intent of this study was to identify a genetic signature that could predict trastuzumab resistance and poor clinical outcome. To our knowledge, this is the first study to determine whether a distinct molecular signature of gene expression exists in patients known to clinically show resistance to trastuzumab.
Materials and methods

Patients' Selection
A total of 151 patients with amplified HER2 detected by fluorescence in situ hybridization were identified from the files of the Roswell Park Cancer Institute between the years 2001 and 2009. For all cases, tissue was collected on extirpation and delivered to the Department of Pathology in under Figure 1 Box plot of expression-detection P-value for all 42 samples. The expression-detection P-value is to test the null hypothesis of whether the expression intensity of a given gene is indistinguishable from the background intensity. Y axis: expression-detection P-value; X axis: samples (patients). Patient 11142 (shown in gray) stand out as an outlier showing majority of genes undetectable (large P-value).
For data quality control, we filtered out this sample for further analysis. This led to 41 samples for further clinicopathologic and microarray data analysis.
Trastuzumab resistance gene signature T Khoury et al 5 min. Thereafter, appropriate portions of tumor were selected and snap frozen within 5 min. The biospecimen inclusion criteria for this study included the existence of banked, fresh-frozen tumor, tumor occupying 480% of the tissue and extracted RNA that met the Illumina platform's workable criteria (see below). Of the 151 patients initially identified, only 42 were found to fulfill the aforementioned criteria and therefore warrant inclusion into this study.
Clinicopathologic data including patient's age at diagnosis, race, tumor histologic type, stage, grade, size, hormonal receptor and lymph node status were abstracted from their medical records. Data on receipt of adjuvant chemotherapy, receipt or no receipt of trastuzumab, and duration of disease-free survival were recorded. Two separate groups were readily identified: those treated with trastuzumab and those not treated with trastuzumab. The first group was further subcategorized based on whether or not they developed resistance to trastuzumab therapy. Patients were considered resistant to this therapeutic approach if they showed local or distant tumor recurrence within 2 years of being treated with trastuzumab. In contrast, patients who did not receive adjuvant trastuzumab therapy were divided into two groups; a poor-prognosis group if they had local or distant tumor recurrence within 2 years, and a good-prognosis group if they were disease free for 42 years. These groups did not include patients who presented with distant organ metastases (stage 4). Review of the patients' medical records along with performing the gene array of the patients' samples was approved by the institutional review board.
RNA Preparation
Total RNA from 42 patients were prepared using the TRizol Reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. After elution, RNA samples were concentrated by EtOH precipitation at À20 1C overnight and resuspended in nuclease-free water. Before labeling, RNA samples were quantitated using a ND-1000 spectrophotometer (NanoDrop) and evaluated for degradation using a 2100 Bioanalyzer (Agilent Technologies, Sanat Clara, CA, USA). By Illumina criteria, samples were required to have a RIN 47, an OD 260:280 of 1.9-2.0, an OD 260/230 41.8 and 41.5 28S:18S ratio of the ribosomal bands for gene expression array analysis.
Gene Expression Assay
Expression profiling was accomplished using the HumanHT-12 v3 whole-genome gene expression direct hybridization assay (Illumina). Initially, 250 ng total RNA was converted to cDNA, followed by an in vitro transcription step to generate labeled cRNA using the Ambion Illumina TotalPrep RNA Amplification Kit (Ambion, Austin, TX, USA) as per the manufacturer's instructions. The labeled probes were then mixed with hybridization reagents and hybridized overnight to the HumanHT-12 v3 BeadChips. Following washing and staining, the BeadChips are imaged using the Illumina BeadArray Reader to measure fluorescence intensity at each probe. The intensity of the signal corresponded to the quantity of the respective mRNA in the original sample. 
Data Analysis
BeadChip data files were analyzed with Illumina's GenomeStudio gene expression module and Bioconductor package to determine gene expression signal levels. 18 Briefly, the raw intensity of Illumina Human HT-12 v3.0 gene expression array was scanned and extracted using BeadScan, with the data corrected by background subtraction in GenomeStudio module. The lumi module in the R-based Bioconductor Package was used to transform the expression intensity into log2 scale. 19 The log2 transformed intensity data were normalized using the Quantile normalization algorithm.
For data quality control, we first filtered out sample 11142 from further analysis as it stood out as an outlier with the majority of genes undetected ( Figure 1 , Table 3 ). This led to 41 samples for further clinicopathologic and microarray data analysis. Then, we filtered out the genes whose expression-detection P-value was 40.05 (ie, indistinguishable from the background intensity) across 475% of samples. Approximately 17 000 genes among 37 849 genes passed this filtering for downstream analysis. Several notable genes including PIK3CA, MUC4 and AKT were filtered out from subsequent analysis. For example, PIK3CA was not expressed (P40.05) in all but one sample.
We then performed eight separate comparisons based on the following collected patients' characteristics: age (o50 vs Z50 or o40 vs Z40), race (black vs white), tumor stage (advanced vs early), hormonal receptor status (hormonal receptor-vs hormonal receptor þ ), menopausal status (pre-vs post-), nonrecurrence vs recurrence in the trastuzumabnon-treated group and responsive vs resistant in the trastuzumab-treated group. We used the Limma program in the R-based Bioconductor package to calculate the level of gene differential expression for each comparison. 20 Briefly, for each comparison, a linear model was fit to the data (with cell means corresponding to the different conditions and a random effect for array). For each comparison, we obtained the list of differentially expressed genes constrained by P-value o0.05.
Following single gene-based significance testing, we use the expression value of differentially expressed genes (Po0.05) to cluster the patients for each comparison. Our purpose was to test whether the identified differentially expressed genes a For data quality control, we filtered out this patient (sample ID: 11142) from further microarray data analysis as it stood out as an outlier with the majority of genes undetected ( Figure 1 ). This resulted four no recurrence subjects vs six recurrence subjects.
for each comparison were able to serve as gene signature to classify patients into their corresponding clinicopathologic groups. Hierarchical clustering based on the average linkage of Pearson correlation was used. 21 All calculations were carried out using statistical software available in the R package.
Results
Clinicopathologic Findings
A total of 41 HER2-positive breast cancer patients treated between 2001 and 2009 at the Roswell Park Cancer Institute had tumors amenable to microarray analysis for this study. Patient characteristics are shown in Table 1 . In total, 21 of 41 cases (51%) analyzed were o50 years at time of diagnosis; the median age was 49 years (range 28-82). Two-thirds of the cases had high-grade tumors and the majority of individuals had ductal histology. The median and range of follow-up was between 3 and 111 (median 29 months). Five patients died, two because of breast cancer and three of unknown reason. Patients were composed of 12 with trastuzumab treated, 10 not treated with trastuzumab, 5 who presented with distant organ metastases (stage 4), 4 who were lost to follow-up and 9 that had o2 years follow-up but with no tumor recurrence. In the trastuzumabtreated group, three patients had tumor recurrence at 3, 18 and 19 months, respectively. In the group not treated with trastuzumab, six patients had tumor recurrence after a median of 10 months and range of 3 and 24 months (Tables 2 and 3 ).
Gene Expression Findings
Identification of differentially expressed genes Eight separate comparisons were performed based on the following collected patients' characteristics: trastuzumab-treated group (responsive vs resistant), trastuzumab-non-treated group (no recurrence vs recurrence), age (o50 vs Z50 or o40 vs Z40), race (black vs white), tumor stage (advanced vs early), hormonal receptor status (hormonal receptor-vs hormonal receptor þ ) and menopausal status (pre-vs post-).
For the trastuzumab-treated group (responsive vs resistant), we identified 770 differentially expressed genes at the statistically significant level of Po0.05, with 281 genes upregulated in patients found to be responsive to trastuzumab while 489 genes were downregulated. For the trastuzumab-non-treated group, we identified 509 statistically significant (Po0.05) differentially expressed genes with 329 genes upregulated in patients with no recurrence while 189 were genes downregulated. The number of identified differentially expressed genes with a Po0.05 and the subgroup restricted by desired fold change for each comparison are summarized in Table 4 . Trastuzumab resistance gene signature
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Patients clustering based on differentially expressed genes The expression value of differentially expressed genes identified from each comparison was used to cluster the patients into their corresponding clinicopathologic groups. As shown in Figure 2 , the 770 differentially expressed genes derived from the trastuzumab-treated group separated into three trastuzumab-resistant and nine trastuzumab-responsive patients. In the same way, the 509 differentially expressed genes derived from those not treated with trastuzumab separated into six patients with recurrence and four with no recurrence (Figure 3 ). The patient clustering results using differentially expressed genes derived from the other seven comparisons is shown in Figure 4 . The results show that those respective differentially expressed genes can more or less separate the patients into their corresponding clinicopathologic groups. As expected, better clustering performance was obtained in hormonal receptor status and tumor stage categories, and worse clustering performance was observed in age and menopause status.
Few overlap between differentially expressed gene sets We grouped the differentially expressed genes from age (o50 vs Z50 or o40 vs Z40), race (black vs white), tumor stage (advanced vs early), hormonal receptor status (hormonal receptor-vs hormonal receptor þ ) and menopausal status (pre-vs post-) into one non-redundant differentially expressed genes set. This differentially expressed gene set, termed 'other', is composed of 3456 unique genes showing differential expression in at least one of the six comparisons above.
As shown in Figure 5 , we found that there was little overlap between the three differentially expressed gene sets: trastuzumab-treated, untreated and 'others'. Only two differentially expressed genes were shared by all three differentially expressed genes sets. The lack of overlap between the gene sets derived from the trastuzumab-treated and nontreated groups were of particular interest. Only 23 differentially expressed genes were shared between the 770 (3.0%) trastuzumab-treated group and the 509 (4.5%) trastuzumab-untreated group and only 1 differentially expressed gene was shared when a Ztwofold change was included as a restrictive criteria.
Further functional annotation of differentially expressed genes with at least a twofold change showed that the composition of enriched function term was different between the two different groups ( Figure 6 ). Remarkably, the trastuzumab-treated differentially expressed genes were enriched for genes involved in nucleic acid binding while the trastuzumab-untreated profile was enriched in immunity and defense. The complete differentially expressed gene list between these two groups with the stipulation of at least a twofold change is listed in Tables 5 and 6 .
Previously described significant genes in trastuzumab resistance of pre-clinical studies Previous studies have shown that the HER2 signaling pathway might have an important role in trastuzumab resistance.
14 Therefore, we tested the hypothesis whether the HER2 signaling pathway members were significantly dysregulated in the trastuzumab-treated comparison group. Briefly, the 17 000 genes were ranked based on the t-statistics score for comparing the mean expression value of trastuzumab treatment (responsive vs resistant). This ranked list was used to analyze whether the t-statistical score of genes from the HER2 signaling pathway were significantly deviated from those in the rest of the gene sets. Statistical significance was estimated by Kolmogorov-Smirnov test. 22 The HER2 pathway data set was obtained from KEGG database with manual addition from existing literature.
The HER2 pathway was significantly dysregulated in the trastuzumab-treated group response comparison (K-S test, Po0.017). However, only the PTPN11 gene in the HER2 pathway showed a statistically significant differential expression at the single gene level (Po0.05). The HER2 pathway was not found to be significantly dysregulated in the other six comparisons (eg, P ¼ 0.21 in trastuzumabnon-treated comparison).
We further checked a compiled list of genes that might have a role in trastuzumab resistance as suggested by previous literature that included PTEN, PIK3, mTOR, MAPK and vascular endothelial growth factor (VEGF) ( Table 7) . However, there was no evidence of differential expression. 
Discussion
Human breast tumors are diverse in their natural history and in their responsiveness to treatments. 23 The revelation of distinctive molecular portraits for human breast cancers has had tremendous implications on breast cancer therapy and research. Breast cancers can now be subdivided into three categories: ER þ /luminal-like, basal-like and HER2 þ ; the latter of which can be further subdivided into ER þ and ER-. 24, 25 This discovery had enabled further work into identifying predictors for survival through the identification of distinctive gene signatures. Two tests are now clinically available that can predict clinical outcome and indicate therapy in 'estrogen receptor-positive lymph nodenegative' breast cancer patients with Mammaprint and Oncotype DX gene profiles. 26, 27 The advent of immunotherapy and the implications it may have on tumors have recently introduced another variable that needs to be taken into consideration. The therapeutic humanized monoclonal antibody trastuzumab is still a mystery in its mechanism of action and lately, the reason for the emergence of resistance to it. The suggested mechanism of action is disruption of functional dimers involving HER2, reduction of extracellular domain shedding (which is thought to result in a constitutively active receptor (p95HER2)), and the recruitment of immune effector cells, which results in antibody-dependent cellular cytotoxicity. For resistance, there are many suggested mechanisms of action that have included the hypothesis that they may exist, a reduction of antibody affinity because of MUC4 overexpression. 30, 31 We have previously suggested the existence of a HER2 gene mutation located in the immunoagent's corresponding binding site as a mechanism for trastuzumab resistance. However, DNA sequencing was unable to validate the initial findings of temperature gradient capillary electrophoresis except for one case, which had a single missense point mutation.
32 Downstream signaling pathway members have also been suggested as a potential source for trastuzumab resistance and have included the genes p27 Kip1, PTEN, PI3K, mTOR and Akt. [33] [34] [35] Crosstalk with other pathways including insulin-like growth factor receptor-1, ER pathway and VEGF has also been suggested to be involved in trastuzumab resistance. [36] [37] [38] However, these studies were all preclinical or in cell lines.
Partially based on these previous findings, we therefore sought to examine whether a distinctive genetic profile existed that would be able to discriminate HER2 patients into good and poor clinical outcomes and into trastuzumab responsive or resistant. A strength of this study was the use of actual, well annotated, clinical biospecimens. We based this assumption on the hypothesis that the phenotypic diversity of HER2 þ breast tumors might be accompanied by a corresponding diversity in gene expression patterns that we could capture using cDNA microarrays.
Although initially stratifying patients into responsive or resistant groups was somewhat artificial, we found from our data that a 2-year cut-off was reasonable. In the group treated with trastuzumab, the three patients who had tumor recurrence did so within 19 months while the other nine patients had no recurrence at all after at least a 33-month follow-up. For the untreated trastuzumab group, a 2-year cut-off was reasonable based on similar clinical outcomes. For those patients with tumor recurrence, all did so within a 24-month timeframe. Patients who were disease free had no recurrence after at least a 49-month follow-up period.
Although the sample size was too small for a definitive conclusion, we believe that our findings shed meaningful insights into the clinical care of breast cancer patients that warrant further investigation. From the clinical data, it was expected that clustering based on trastuzumab-treated (responsive vs recurrence) and trastuzumab-non-treated (recurrence vs no recurrence) would have distinctive profiles. In addition, to a lesser extent, it was expected that the other clinicopathologic variables would have some differences in the expression profiles as they related to hormonal receptor status and tumor stage but not age, race or menopausal status. There was little overlap between the treated, and untreated trastuzumab groups with those in the 'other' groups. This implies that clinicopathologic differences may involve alter- Multiple genes had variable expression profiles in both the trastuzumab-treated and -untreated groups. Although the predominant genes that were differentially expressed in the trastuzumab-treated group involved DNA binding, those in the untreated group were found to be annotated to immunity and defense. Therefore, we suggest that the mechanism (DNA binding) by which patients who were treated with trastuzumab and subsequently developed recurrence may be different from those who were not treated and had a poor clinical outcome (immunity and defense). However, given the small sample size, these findings should be interpreted with caution as a larger group will be needed to validate these findings.
We further examined the genes that were previously reported to be involved in trastuzumab resistance including PTEN, PIK3, mTOR, MAPK and VEGF and found no significant changes. [33] [34] [35] [36] [37] [38] There are three possible explanations; these genes may not exert their role at the transcriptional level, the study sample size was too small or an actual absence in the role of trastuzumab resistance. The latter might be true because our study was conducted on actual patients and their tissues rather than in the pre-clinical setting. AKT, IGF-R1, p27 Kip1 and MUC4 were filtered out. In addition, we looked into HER2 pathway members. Interestingly, we found that known participants in this pathway were significantly dysregulated in the trastuzumab-treated group. However, only the PTPN11 gene in the HER2 pathway showed significant alterations at the single gene level, indicating that there were modest but consistently coordinated changes in the HER2 pathway components that can lead to significant dysregulation. Remarkably, the HER2 pathway was not found to be significantly dysregulated in all other seven comparisons.
Of particular note was our observation on the expression levels of tissue inhibitor metallopeptidase 1, which was found to be upregulated in patients noted to be responsive to trastuzumab (Table 5 ). Tissue inhibitor metallopeptidase 1 is one of the naturally occurring inhibitors of matrix metalloproteinases that affects cellular proliferation, apoptosis and angiogenesis, both dependent on and independent of its matrix metalloproteinase-inhibiting function. The prognostic value of tissue inhibitor metallopeptidase 1, on mRNA or protein level, was extensively studied in breast cancers with conflicting results. 39 However, all of these studies did not correlated tissue inhibitor metallopeptidase 1 with HER2 overexpression. In our study, tissue inhibitor metallopeptidase 1 was upregulated in the responsive patients. Therefore, tissue inhibitor metallopeptidase 1 can be included with the gene set that could potentially predict trastuzumab responsiveness.
In conclusion, there were distinctive gene signatures for trastuzumab resistance in trastuzumab- Table 7 The log2 Fold change and P-value for the list of literarure compiled genes treated patients and poor clinical outcome in those patients not treated with this agent. Additional studies with larger group will be needed to validate our results and to pare down the number of genes that could serve as reliable predictors for trastuzumab resistance. Such a gene set may have clinical utility in the planning of which therapeutic strategy to use as well as a prognostic tool for HER2-positive breast cancer patients
